Multiple drug resistance (MDR) in bacteria causes higher mortality and morbidity, complicates treatment and increases healthcare outlay. With no new-generation antibiotics in sight, its rapid spread through the environment poses grave danger. Therefore, rapid detection to identify effective antibiotics and to prevent their indiscriminate use is imperative. However, the widely used clinical method for antibiogram, the Kirby-Bauer disc-diffusion method (DDM), requires 2-3 days, has inherent shortcomings of solid-phase assays and is not suitable for high-throughput operations. In our research on MDR associated with childhood diarrhea, we determined the antibiogram of 73 clinical diarrheagenic Escherichia coli strains using both the DDM and the more reliable liquid turbidity method (LTM) performed in 96-microwell plates. The results were further correlated with a dye-exclusion efflux assay using fluorescein diacetate. Although LTM is apparently superior in saving critical time, suitability to highthroughput operations and reliability, we found that the serious shortcomings of DDM could be effectively countered by just doubling the dosage of antibiotics currently used in discs or by using two discs in place of one. With 48 of the 49 MDR strains being positive for efflux and the 12 strains 'susceptible' to all the antibiotics being negative, the efflux assay could be useful as an integral component of the antibiogram test or for additional confirmation. The presence of 65% of MDR strains among diarrheagenic E. coli is a matter of serious concern, although most of them could be treated with either Gentamycin or Amikacin, as is the practice by experience.
INTRODUCTION
Multiple drug resistance (MDR) in bacteria is increasingly and widely reported. Even common pathogens such as Salmonella spp. are developing resistance to multiple antibiotics and are complicating treatment procedures. 1 Globally, the morbidity and mortality rates due to MDR in bacteria affect billions of people, and the expenditure incurred exceeds $19 billion in the United States and the United Kingdom annually. 2 It contributes to 10-31% of mortality in hospitals. 3 Antibiotic resistance is caused by enzymatic inactivation (for example, b-lactamases), or by the mutation of target (for example, gyrases) or by active efflux, [4] [5] [6] which is an important diagnostic target providing nonspecific resistance to multiple antibiotics. 7 Genetic transfer of resistance among microbes in the environment 8, 9 calls for the prudent use of antibiotics 10 with reliable antibiograms. In spite of limitations, such as formation of concentration gradients in solid-phase assays and the delay of 2-3 days for obtaining results, the Kirby-Bauer disc-diffusion method (DDM) is the only widely used clinical method. Other techniques such as colorimetric, fluorimetric or flow cytometric methods and PCR are unsuitable because of cost, labor or skill. 11 Such limitations force clinicians to select improper antibiotics for early diagnosis and treatment. In this regard, the microculture method that is performed routinely in 96-well plates for screening microbes and their metabolites is more appealing.
In our study on childhood diarrheagenic pathogens, it is observed that MDR strains are normally associated with severe cases, and we are concerned about the loss of critical time in selecting effective antibiotics.
In particular Escherichia coli, an emerging pathogen with a variety of virulent attributes, contributes to 20-30% of childhood mortality globally. 12, 13 In this study, we determined the antibiograms (against commonly prescribed antibiotics for diarrhea) of 73 clinical isolates of E. coli using both DDM and the microplate-based liquid turbidity method (LTM). This comparative study is also meant to address the limitations of DDM over LTM and find possible simple solutions to enhance its reliability. Correlation of the MDR phenotype with the efflux of fluorescein diacetate (FDA) in line with their known association was carried out to probe the utility of efflux assays in the early detection of MDR. This study has provided a reliable estimate of MDR among childhood diarrheagenic E. coli, which is an important emerging pathogen.
MATERIALS AND METHODS
Instruments and standard procedure used OD of bacterial cultures was measured using Multiscan (Thermo Bioanalysis Company, Labsystems Oy, Vantee, Finland). Intensity of fluorescence was measured in the form of relative fluorescence units (RFUs) using Fluroscan (Thermo Bioanalysis Company). Drug susceptibility was determined using the Kirby-Bauer DDM by measuring the zone of clearance.
The selected antibiotics comprised three groups, namley aminoglycosides (Amikacin, Kanamycin and Gentamycin); penicillins (Ceftazidime, Cephotaxime and Ampicillin) and quinolones (Nalidixic acid). The antibiotic-impregnated discs with a uniform disc diameter of 8 mm for DDM were procured from Himedia Laboratories (Mumbai, Maharashtra, India). Antibiotics used in LTM were procured from the following different indigenous suppliers: Amikacin (Aristo Pharma, Mumbai, India), Gentamycin (Fulford Pharma, Mumbai, India), Kanamycin (Macleods Pharma, Mumbai, India), Ampicillin (Ranbaxy Pharma, Gurgaon, India), Cephotaxime (Lupin Labs, Mumbai, India), Ceftazidime (GlaxoSmithKline, Mumbai, India) and Nalidixic acid (Ranbaxy Pharma). The doses of different antibiotics in LTM were calculated according to the following formula 14
where W is the weight of antibiotic to be dissolved in V, the volume required; P, potency of the antibiotic base; and C, final concentration of solution. Table 1 represents the final doses of antibiotics used in both the methods. Half-lives of all antibiotics except Nalidixic acid (6 h) and Cephotaxime (0.9 h) are in the range of 2-3 h. FDA (Molecular Probes, Invitrogen, Eugene, OR, USA) was used to detect efflux activity.
Collection and identification of clinical diarrheagenic E. coli isolates
Escherichia coli strains were isolated from stool samples of children, who were hospitalized because of acute or persistent diarrhea at the Institute of Child Health and Hospital for Children (ICH and HC, Chennai, Tamilnadu, India). E. coli strains were identified by conducting standard biochemical tests such as IMViC (Indole, Methyl Red, Voges-Proskauer and Citrate) 15 and were confirmed by PCR. 16 
Preparation of Luria Bertani broth and Mueller-Hinton agar plates
Luria Bertani (LB) broth and Mueller-Hinton agar (MHA, Himedia) plates were used to perform antibiograms of LTM and DDM, respectively. LB was prepared by dissolving 10 g of Tryptone (Himedia), 5 g of yeast extract (Himedia) and 10 g of sodium chloride (Merck, Mumbai, India) in one liter of distilled water, and the pH was adjusted to 7.2 with 1 M sodium hydroxide (Merck). MHA plates were prepared by dissolving 38 g of MHA in one liter of distilled water, sterilized and cooled to B45 1C, and 20 ml of the molten agar was poured into pre-sterilized petri plates. The plates were checked for sterility by incubating them at 37 1C for 6-7 h before experimentation. 14, 17 Kirby-Bauer DDM Approximately 10 8 cells (1 OD corresponding to 10 9 cells/m 18 ) of E. coli were spread-plated on the above-prepared MHA plates. Antibiotic discs were placed in duplicates and incubated at 37 1C for 16-18 h for zone formation. Zones of inhibition measured as mean diameter were categorized as 'susceptible' (S), 'intermediary' (I) and 'resistant' (R) according to Clinical and Laboratory Standards Institute (CLSI) standards. 19 DDM with double the dose of antibiotic concentration was performed by stacking two discs (instead of one) on MHA plates. We resorted to increase the doses of the antibiotics retaining the same CLSI standards for the zone of clearance.
Liquid turbidity method
Approximately 10 5 cells were cultured by shaking at 170 r.p.m. at 37 1C in 200 ml of LB with calculated amounts of antibiotics (in duplicates) contained in each well of a 96-well microtiter plate (Laxbro Bio-Medical Aids, Pune, India) ( Table 1 ). The turbidity measured at hourly time intervals for 8 h was plotted and compared with control (without antibiotic). On the basis of OD at 595 nm (measured using Multiscan, Thermo Bioanalysis Company), the strains were categorized with respect to their susceptibility as p0.05, 'susceptible;' 0.05-0.15, 'intermediate;' X0.15, 'resistant.' Figure 1 shows the distinct growth pattern for the 'resistant' and 'intermediate' types for a set of representative strains. The clinical isolates found 'resistant' to three or more antibiotics were scored as MDR phenotypes. 14 
Detection of efflux using FDA
Fluorescein diacetate is a known marker used to study bacterial viability. 20, 21 The dye was added to the medium at a concentration of 50 mM just 30 min before harvesting the cells, to avoid interference due to a spontaneous hydrolysis of the dye by the medium. 22 Viable 'resistant' bacteria are able to convert the passively transported dye from non-fluorescent form (FDA) to its charged acid form, fluorescein, and efflux it actively using a pump mechanism. Therefore, fluorescence in the medium indicates the operation of efflux mechanism and hence viability. Fluorescence in the spent medium obtained after centrifugation (6000 g, 1 min) was measured using a fluorimeter (Fluroscan, Thermo Bioanalysis Company) in a microtiter plate 23 and then correlated with the antibiogram results of LTM.
RESULTS
For a clinically relevant investigation, the efficacy of the popular clinical antibiogram method (DDM) was compared with that of the turbidity measurement method (normally used in research) among drug-resistant diarrheagenic E. coli, which is an emerging threat in pediatric care. This knowledge could be useful in the management of pediatric diarrhea due to MDR strains. Among the 73 strains used in this study, 69 were isolated from children with persistent diarrhea, 3 strains (E. coli A5, E. coli B5 and E. coli C2) were reference strains and 1 was the laboratory strain E. coli (DH5a).
Lack of correlation in antibiogram results between DDM and LTM
The degree of antibiotic susceptibility of these isolates to the first-line antibiotics was determined using both DDM and LTM and scored as 'susceptible,' 'intermediate' and 'resistant' ( Table 2) . A fair correlation between the two methods can be observed in all 'S' and 'R' categories of Nalidixic acid, Amikacin and Ceftazidime; in particular, the lastmentioned drug showed the best correlation; The 'intermediary' in these cases were correlating poorly, probably because of the subjectivity in manual measurement in DDM. Generally, DDM tended to score less 'S' types compared with LTM. In contrast, the 'R' types were present more in DDM and less in LTM. DDM scored more 'intermediary' for Amikacin, Kanamycin and Cephotaxime, and less for others, in comparison with LTM. The number of strains identified by DDM as 'susceptible' to Ampicillin, Ceftazidime and Cephotaxime, all belonging to the same penicillin group was quite variable, and in the 'intermediary' category, the number was particularly high for Cephotaxime. LTM, on the other hand, showed similar numbers for the whole group in all the categories. A better correlation was observed between both the methods only in the 'R' category. In the group of aminoglycosidic antibiotics, only six strains, in the case of Kanamycin, and nearly half of the strains in the case of Amikacin and Gentamycin were found to be 'susceptible' by DDM, whereas LTM showed uniformly high scores (80-90%) in this category. DDM scored about a third of the strains to be 'resistant,' whereas, in contrast, either none or only a few were scored by LTM. To rule out the possibility that the quality of commercial antibiotic disc could affect the results, we even used homemade discs that contained the specified amount of antibiotics from the same stock used for LTM. We did not find any significant difference in the results (data not shown).
Physicochemical and stability factors of antibiotics affect DDM results
To account for the above-mentioned contrasting behavior and to identify a better method, especially in view of the limitations of solidphase assays compared with liquid-phase assays, we have compiled in Table 3 various properties of the antibiotics 24, 25 that could plausibly affect the zone of clearance in DDM. The contrasting 'S' scores in the case of Kanamycin by DDM (6/73) and LTM (63/73) could be attributed to the higher minimal inhibitory concentration ratios (MIC) (8 mg ml À1 ) of the antibiotic requiring higher concentrations in the killing zone. Hence, most of the strains would have been distributed either as 'I' or 'R' in DDM. In another instance, it is well known that DH5a is 'susceptible' to all antibiotics other than Nalidixic acid, but the zone of clearance for Ceftazidime under our experimental condition was found to be 14 mm, indicating that it was 'resistant.' This anomaly may be attributable to its higher molecular weight (637) and sparingly soluble nature, both limiting drug diffusion. Instead of adjusting for all these complex factors that affect the antibiotic availability to form proper zones of clearance, we resorted to increasing the doses of the antibiotics retaining the same CLSI standards for the zone of clearance.
As can be seen in Table 4 , doubling the dose by stacking two discs increased the number of strains 'susceptible' to aminoglycosides. All the 73 strains were now found to be 'susceptible' to Amikacin compared with 35 originally; 69 were 'susceptible' for Gentamycin compared with 39 before. For Kanamycin, the numbers increased 
from a mere 6 for a single dose to 50 with a corresponding shift from 'I' and 'R' phenotypes. In the case of Cephotaxime of the cephalosporin group, doubling the dose brought many from the 'I' and 'R' categories into 'S' (from 8 to 49). This is perhaps justified by the labile nature of the drug with a lower half-life (Table 3 ) and therefore, the increased dose could have compensated the loss of potency. For the same reason, doubling the concentration of Cephotaxime in LTM, drastically reduced the 'R' types (from 31 to 13) with a corresponding increase in 'I' (3) and 'S' (15) types. In the case of Ceftazidime, a related member in the group with better half-life, doubling the dose did not alter the numbers significantly. Among 36 'resistant' phenotypes only 4 turned out to be 'susceptible' and 2 were 'intermediate,' the rest remained as 'resistant' forms.
MDR phenotype detection by antibiogram methods and efflux matched well A novel adaptation of bacteria to counter antibiotic pressure is in using an efflux pump to effectively throw out the antibiotic. In Table 5 , the antibiogram of individual strains by both the methods (DDM and LTM modified for the dosage) and their efflux activity has been shown. The efflux activity, as indicated by the zero or low background RFU value, was clearly absent in 'susceptible' cases. However, the absolute RFU, did not clearly indicate the level of resistance, either 'I' or 'R.' There were cases of 'resistant' phenotypes with moderate RFU and 'intermediary' with high RFU. Without correlating the RFU quantities with 'I' or 'R' phenotypes, anything above the background level of fluorescence was considered efflux positive. Table 6 shows that several strains were 'resistant' to Z3 antibiotics, the common two being Nalidixic acid and Ampicillin, normally avoided in the treatment of diarrhea.
There was a good correlation between the efflux and MDR phenotypes seen in LTM, as summarized in Table 6 ; 'intermediary' was also considered as 'resistant' for compilation. To detect the efflux in strains that were 'susceptible' to all antibiotics, we had to grow them in the absence of antibiotics and the strains were found to be efflux negative. The results of efflux and antibiogram reflect the documented association of efflux with MDR phenotypes. The fluorescence-based efflux detection could be a good addition to the tools for antibiogram. In total, 13 strains were found to be 'resistant' to only one or two antibiotics, mostly to Nalidixic acid and Ampicillin, but they were efflux positive. This perhaps indicates that the dye efflux might be occurring through a pump system not involved in antibiotic efflux. [21] [22] [23] The only case of MDR positive but efflux negative, as seen in strain 407457 (Table 5) , could possibly contain an enzymatic degradation mechanism for b-lactamases with a broader specificity. 4, 5 
DISCUSSION
In current clinical practice in India, diarrhea, which is refractory to oral rehydration therapy, is treated using first-line antibiotics, such as cotrimoxazole, or cephalosporins, such as cephalexin, cefazolin and Nalidixic acid, in outpatients. Third-generation cephalosporins such as cefoperazone, Ceftazidime or cefixime are used to treat severe forms of diarrhea. More potent drugs such as cancomycin, methicillin, imipenem are used when diarrhea is associated with other systemic infections, according to the severity of disease. 13 In spite of the prevalence of MDR strains associated with various infectious diseases including diarrhea, there is no effective clinical tool other than the time-consuming DDM to quickly determine the antibiogram of a pathogen in order to initiate the correct antibiotic therapy or apply early course correction. A lack of correlation between antibiogram results of 73 strains obtained by DDM and LTM prompted us to takeup this study to evaluate superior methods, as it affects the efficacy of treatment. Furthermore, the saving of precious treatment time by adapting to quicker LTM compared with DDM, as well as inherent limitations of solid-phase assays compared with those of liquid-phase assays encouraged us to investigate the former for clinical utility. As the MDR phenotype is increasingly contributed by a broad-spectrum efflux mechanism, we have also incorporated an FDA-based viability assay in LTM for detecting efflux.
Double the antibiotic dose improves the performance of DDM Overall, it was found that DDM was biased toward 'R' type and scored fewer 'S' types. This is perhaps attributable to various physicochemical properties 24, 25 of these antibiotics such as molecular weight, water solubility, MIC, half-life etc., in determining the zone of clearance. 
Abbreviations: DDM, disc-diffusion method; E. coli, Escherichia coli; LTM, liquid turbidity method.
Bold values indicate effluxing ability of the bacteria.
For different antibiotics, the zone of clearance for 'R' ranges from 12 to 14 mm across the disc. This leaves only 2-3 mm annular width in the clearance zone and, at this lower scale, the errors in reading could be very high, especially given the smallest reading in a ruler to be 1 mm. Fairly uniform cutoff of 12-14 mm for different antibiotics used in this study seems to be artifactual, given the wide variations in solubility (from being freely soluble to sparingly soluble), molecular size (232-760) and MIC . 24, 25 Although MHA is popular for DDM, parameters such as pH (that influences the potency of antibiotics such as aminoglycosides, quinolones, tetracyclines and macrolides), moisture content of the media, concentration of thymine or thymidine and variation in divalent cations have been reported to result in variable or unusual zone of clearances (in antibiotics such as aminoglycosides and tetracyclines) leading to false evaluations during laboratory screening. 26 In this regard, the LTM is superior, as antibiotics will be uniformly distributed and for the antibodies with a similar half-life, the MIC will truly reflect their efficacy. Modifications in the dosage for DDM may also be warranted because of the nature of clinical isolates, which, even though are E. coli, may have differently adapted to harsher conditions in the host and environment when compared with the laboratory strains used for determining the dosage on the disc. Our reasoning was substantiated by the fact that, when we doubled the antibiotic dose to counter the above limitations, we found that the results matched well with those obtained using LTM. Therefore, in the absence of an evaluation of the contributions of these interferences and the properties of antibiotics affecting the zone of clearance, instead of complicated optimization for DDM, the simple adaptation of using two discs or doubling the dose on a disc could be the easiest way to compensate for the anomalies.
Efflux assay coupled with LTM is a desirable diagnostic method The adaptation of efflux by bacteria obviates the need to develop unique resistance mechanisms for individual antibiotics and facilitates resistance to group-specific or to a wide spectrum of antibiotics. 6, 7 Therefore, the identification of even 'intermediary' types becomes important in choosing the right antibiotic. Certain subjectivity in the DDM could vitiate this estimate, as can be seen from this study. The capability of quantitative measurement using LTM provides a better handle to identify such 'intermediary' cases with increased confidence.
To enhance the scope of such a possibility, we tested the use of a welldocumented marker dye, FDA, to detect efflux phenotype during the determination of antibiogram. 21, 23 Accordingly, the fluorescence resulting from the uptake of non-fluorescent FDA and efflux as fluorescein by viable and growing cells indicates efflux pump-dependent resistance. This observation correlated well with the antibiogram results obtained from the modified DDM and LTM methods.
Potential of LTM as a clinical tool for antibiogram determination
In conclusion, LTM, a potential tool for tackling diseases caused by MDR pathogens, can be performed within 7-8 h as against 2-3 days for DDM. It is also easily performed in 96-well microtiter plates, routinely used in clinical practice and in MIC determination. 19 Inclusion of the efflux test by a convenient and established fluorescent method, as used in this study, will not only substantiate the MDR phenotype but will also indicate the mechanism involved. The occurrences of some false positives are possible, if the efflux pumps or efficiency for the dye and the drug are different. The LTM can be easily adopted in clinical laboratories, including peripheral hospitals. It is also economical from the view of labor, use of antibiotics and media, as well as waste generated. Being suitable for high-throughput format, it is highly compatible for instrumentation in surveillance and epidemiology. A significant outcome of this study is the fact that, in accordance with the recent observation and reports of clinicians, E. coli isolates were in fact 'resistant' to multiple antibiotics, especially to third-generation cephalosporins (B65%), but antibiotics such as Gentamycin and Amikacin are still effective. 
